Molecular recognition is a fundamental process which is driven by entropy and enthalpy and which precedes all biochemical events.^[@ref1]^ This specific recognition between biomolecules has been harvested as a biochemical tool in the form of antibodies and their fragments including single-chain antibodies, nanobodies, and domain-sized nonantibody scaffolds.^[@ref2]−[@ref5]^ Other small scaffolds based on structures isolated from natural sources^[@ref6],[@ref7]^ such as the antimicrobial tachyplesins,^[@ref8],[@ref9]^ polyphemusin I^[@ref10],[@ref11]^ and II,^[@ref12]^ and arenicin,^[@ref13]^ the β-hairpin protein epitope mimetics (PEMs)^[@ref14]^ as well as the small cysteine knot proteins AgRP,^[@ref15]^ cyclotides,^[@ref16]^ and defensins have been exploited as a biochemical tool as well.^[@ref17],[@ref18]^ In most of the aforementioned examples, existing protein folds or whole proteins which are already involved in recognition were employed. These entities have been developed to recognize new targets through screening followed by significant efforts in protein engineering and recombinant production in various expression hosts. Alternatively, efficient synthetic receptors have been obtained by extensive screening of phage display libraries or synthetic combinatorial libraries.^[@ref19]^ However, although design of hairpins and helical scaffolds using synthetic stapling and constrained turns has been achieved,^[@ref14],[@ref20]−[@ref22]^ no general technology platform exists for direct design of endogenous recognition molecules.

The recognition motifs of monoclonal antibodies (mAbs) have been extensively used in synthesis of mimetics. Antibodies are large multifunctional biomolecules, one function of which is the avid and highly specific recognition of molecular surfaces by complementary surface interaction through the CDR region of the Fab (or ScFv) domain.^[@ref23]^ This domain in turn is composed of six paratopes, short amino acid sequences looping out from the antibody thereby creating the pit ridges and canyons required for topological and electrostatic complementarity.^[@ref24]^ The nanobodies which occur naturally are only half the size of an ScFv molecule and present only three hypervariable paratopes. As described in recent reviews successful attempts to mimic antibody recognition with small molecules have mainly been by connecting such paratopes to molecular scaffolds (templates).^[@ref25],[@ref26]^

Aptamers are DNA analogs to antibody-mimetic proteins, and they are considered generally nonimmunogenic^[@ref27]^ as are a range of antibody-mimetic protein scaffolds presenting paratope-mimetic loops, and derived by combinatorial screening of suitable protein scaffolds from the portfolio of nonimmunogenic proteins, ankyrins, protein A, lipocalin, cyclotides, as well as the very interesting small helical trefoil affibodies.^[@ref28]^ It has been demonstrated that a single paratope from a mAb can bind the target antigen with down to sub-mM affinity. Upon the attachment of peptide loops to a calixarene template, the importance of a multivalent paratope display was demonstrated as early as 1997.^[@ref29]^ This approach was elegantly refined by using a template technology for both paratope cyclization and attachment to a cyclotriveratrylene scaffold using click chemistry. The affinities of the trivalent products were ∼10 μM, probably demonstrating the need for exact preorganization of the paratopes in the interacting CDR. This problem was addressed in two studies resulting in functionally active antibody-mimetic inhibitors of TNFα^[@ref30]^ and of the CD4−gp120 interaction,^[@ref31]^ respectively, by computational design of the scaffolding arranging the interacting paratope-loops as in the parent antibody. However, both constructs showed significantly lower affinity for their targets than the antibodies. All of these paratope-based mimetics utilize existing recognition motifs of mAbs and assume that the modular structure of the mAb is essential for recognition. This called for development of a new virtual and evolutionary approach using any structural motif for which structure and recognition would be integrated in a single design process, such as that which was realized in the present work using the β-hairpin motif. An advantage of such an approach would be the independence of preexisting structures and the ability to target any suitable molecular surface.

Thus, we recently invented a new class of peptide scaffolds suitable for de novo design of antibody-mimetic compounds, that we termed β-bodies.^[@ref32]^ This invention was based on early work, in which we noted by NMR spectroscopy that threonine-rich rod-shaped mucin glycopeptides were fully extended^[@ref33]^ even without glycosylation. By connecting two of such threonine-rich strands by a β-turn,^[@ref34]^ it was expected to obtain stable or readily induced^[@ref35]^ β-hairpins. Satisfyingly, stable β-hairpin structures were indeed obtained in most cases when threonine (T or Thr) was placed in every second position of each strand. We envisioned that these peptides could be developed into a novel type of protein binder, in which one surface of the molecule is composed of amino acids that induce a β-hairpin or β-sheet structure (such as threonines), while the other surface is composed of amino acid side-chains that specifically and tightly interact in an antibody-like manner with a protein of choice (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)).

![Typical structure of antibody-mimetic β-body: a β-hairpin consisting of two antiparallel β-strands with the polar, β-branched Thr residues pointing upward, and amino acids designed to interact with the target compound pointing downward.](oc-2018-006149_0001){#fig1}

In the present work, we describe the computational design, synthesis and validation of a collection of β-bodies recognizing various proteins of interest. We show that the designed β-bodies are able to recognize their target proteins in a selective manner and with nanomolar affinities, only 1 order of magnitude less than that of DNA-aptamers obtained through selection processes.^[@ref36]^ We also demonstrate that β-bodies can be cyclized by click chemistry^[@ref37]^ to further stabilize the β-hairpin structure. Finally, we show that β-body pairs can be designed to selectively recognize different sites of the same protein, facilitating their use in a sandwich-type binding assay.

Taking into account the fact that β-bodies can be designed toward a selected surface in essentially any protein structure, we believe that the β-body concept holds great promise in a broad range of applications including molecular diagnostics, protein purification, targeted drug delivery, and even therapeutics. Together with their small size, ease of computational design and synthesis, as well as their versatile recognition domains, the β-bodies constitute a valuable addition to the portfolio of peptide-based aptamers.^[@ref38]^ With 10 locations of variable amino acids at the interface between the target protein and the β-body and by exclusion of proline from the 20 natural amino acids, the diversity constitutes ∼6 × 10^12^ different recognition molecules. With inclusion of the growing number of unnatural amino acids currently available, the number of possible molecules becomes almost infinite.

Results {#sec2}
=======

For proof of concept, two model proteins, green-fluorescent protein (GFP) and interleukin-1β (IL-1β), were selected. GFP was selected because of its intrinsic fluorescence, which would allow for the detection of a binding event using fluorescence techniques without the need to label either of the binding partners with a fluorophore. IL-1β was chosen as a second, biomedically relevant target. This cytokine plays an important role in the inflammatory response and is involved in cell proliferation, differentiation, and apoptosis.^[@ref39]^ It is activated by caspase-1 and induces cyclooxygenase-2 (COX2) and fever.^[@ref40]^ Because overproduction of IL-1β is associated with a number of severe autoinflammatory syndromes, blocking the activity of IL-1β is an important therapeutic strategy.^[@ref41],[@ref42]^ Examples of FDA-approved drugs whose mode of action are based on this concept include the IL-1 receptor antagonist anakinra and the antihuman-IL-1β antibody canakinumab.^[@ref43]^ We also selected two other interleukins, T-cell-stimulating IL-2^[@ref44]^ and IL-6,^[@ref45]^ associated with chronic inflammation and cancer, to demonstrate the broader perspective of the present technology.

For each interleukin, two β-bodies were designed, which were predicted to bind to different sites of the same protein. The in silico design process was performed in the molecular dynamics (MD) program "Molecular Operating Environment" (MOE from Chemical Computing Group) (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref46],[@ref47]^ A structure of the respective protein obtained from the Protein Data Bank (PDB) and determined by either X-ray diffraction or NMR was loaded into MOE, soaked in water, and repaired by the modeling of missing parts while maintaining the PDB structure. Where several high-resolution structures were available in PDB for the same protein, these were compared and combined to increase the fidelity in the generation of the MOE model.

![Schematic of the manual optimization process in the molecular operating environment (MOE) for the generation of high-affinity β-bodies starting from a given protein crystal or NMR structure. After identification of putative positions and hairpin orientations on the protein surface suitable for complex formation, an optimization cycle is entered during which interaction residues are varied in a combinatorial fashion including side-chain orientation and with optimization of topology and surface electrostatic interaction. When the complex is stable for an extended period of MD simulation in water the β-body is accepted for synthesis and determination of protein binding.](oc-2018-006149_0002){#fig2}

The protein structure model was equipped with a molecular surface, color-coded by its electrostatic potential. Then, a generic spatial structure of a two-stranded β-body with the outward sequence X*~l~*(TX)~*m*~PG(XT)~*n*~X*~l~* (or inward sequence T*~l~*(XT)~*m*~PG(TX)~*n*~T*~l~*) was generated (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)), in which X was initially alanine, with *n* and *m* = 4--7 (typically 5) and *l* = 0 or 1. The spatial structure of the T/A-rich β-body was manually moved and rotated across the entire surface of the protein to identify sites for productive interaction in terms of overall shape fitting and presence of grooves, pits, and patches promising for interaction with amino acid side-chains. Once optimal sites and orientation for β-body interaction had been established, alanine side-chains were replaced with side-chains from other natural amino acids for an initial fit in the selected binding site. Subsequently, a mutational fitting process was performed. This fitting process involved multiple rounds of molecular dynamic simulations with intermediate mutational replacement of the recognition residues taking into account all the additive effects of counter-productive steric interactions, favored amino acid side-chain orientations (the all-important χ-space^[@ref48]^), the hydrogen-bond network, hydrophobic interactions, and charge--charge interactions. Even small protrusions such as a hydrophobic methyl group could significantly reduce the interaction of distant amino acids with the target protein and required special attention. Most importantly, shape complementarity and the interaction of electropositive and electronegative patches between the individual surfaces were both optimized at all stages of the calculations. When a mutational step in the MD calculation that locally seemed favorable, eventually presented to be less favorable in the global interaction, it was returned to the previous state, and an alternative mutation was introduced. In this way, the interaction was gradually improved over 1--2 days. About 80% of target surfaces resulted in a single optimal β-body, while about 20% provided two or several equally promising β-bodies. Overall, the modeling procedure aimed at obtaining a maximum uninterrupted overlap of the surfaces of the β-body and target protein, with a spatial complementarity that optimally excluded water molecules from the interface of interaction and which showed optimal overlap of positive with negative and hydrophobic with hydrophobic surface patches. The computationally modeled complexes are presented in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf), while the sequences of the β-bodies are provided in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} illustrates interaction details of the modeled complex between IL-1β and β-body **2**.

###### Sequences of Synthesized β-Bodies Designed To Bind GFP and Three Interleukins

  β-body                                                                     target protein   sequence
  -------------------------------------------------------------------------- ---------------- --------------------------------------
  **1**                                                                      GFP              TETKTVTITRPKMTWTFTHTVTG
  **2**                                                                      IL-1β            ETDTYTETYPGRTITWTITDG
  **3**                                                                      IL-1β            TWTETYTWTEPGDTQTLTITNTG
  **4**                                                                      IL-2             NTVTNTMTRPGVTETVTQTDG
  **5**                                                                      IL-2             TRTLTYTEPGITQTKTEAG
  **6**                                                                      IL-6             HTWTDTLTRPGYTVTHTLTLG
  **7**                                                                      IL-6             TMTDTDTYPGFTDTLTHAG
  **8**[a](#t1fn1){ref-type="table-fn"}^,^[b](#t1fn2){ref-type="table-fn"}   GFP              c-Pra-ETKTVTITRPKMTWTFTHTV-DabN~3~-G
  **9**[a](#t1fn1){ref-type="table-fn"}^,^[b](#t1fn2){ref-type="table-fn"}   IL-1β            E-c-Pra-DTYTETYPGRTITWTI-DabN~3~-DG
  **10**[a](#t1fn1){ref-type="table-fn"}                                     IL-1β            TWTDTATEPGYTMTATGTG

The rationale behind the synthesis of β-bodies **8**--**10** is described in the second part of the paper.

Pra, [l]{.smallcaps}-propargylglycine; DabN~3~, *S*-2-amino-4-azidobutyric acid.

![(A, B) Illustration of the interaction details between β-body **2** and IL-1β seen from two different directions. The β-hairpin was placed on the surface of the target protein at a site which contained charged, polar, and hydrophobic residues. Complementary residues were inserted to fit the various chemical characteristics of the target protein in the groove. Only residues of IL-1β predicted to be involved in the binding are shown. (C) Charged groups have been paired with complementary charged residues (dashed lines). (D) An example of an aromatic residue fitted into a hydrophobic pocket (dashed curve), to free the target protein from unfavorable interactions with water. Additional illustrations of the complexes between all β-bodies and their respective target proteins are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf).](oc-2018-006149_0003){#fig3}

All β-bodies were synthesized through standard Fmoc-based solid-phase peptide synthesis using poly\[acryloyl-bis(aminopropyl)polyethylene glycol\] (PEGA) resin as solid support. The low background fluorescence of PEGA resin, together with the lack of unspecific interactions between polymer resin and biomolecules, and its excellent swelling properties in aqueous solution, allowed for direct, on-bead testing of the β-body--protein interaction. For this purpose, the resin was thoroughly washed with deionized water upon completion of peptide synthesis and removal of the protecting groups. Resin-bound peptides were released from an aliquot of resin for structural characterization. IL-1β was labeled with carboxy-X-rhodamine (ROX) via a conventional *N*-Hydroxy-succinimide ester coupling and separated from excess of dye. A second aliquot of the beads carrying the capture β-body was transferred to a well of a microtiter plate. Then, the target protein, being either GFP or ROX-IL-1β, was added to the beads, and binding was assessed by fluorescence microscopy. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, binding was observed for GFP with β-body **1** and for IL-1β with both β-body **2** and **3**, respectively, at protein concentrations as low as 50 nM. *N*-Acetylated beads acted as a negative control, and no fluorescence was detected on beads in wells where protein had been added to these empty control beads without β-body (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)). For IL-1β, the on-bead binding assay was also performed in an inverse manner in an independent control experiment. IL-1β was immobilized to Ni-NTA agarose beads via an N-terminal His-tag. The β-bodies designed for IL-1β were labeled with ROX, cleaved from the PEGA resin, and added in nanomolar concentration to the immobilized IL-1β. Also in this case, agarose beads turned fluorescent, confirming that binding was mediated by interactions between the protein and the β-body (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)).

![(A) Microscopy images of beads containing β-body **1** and acetylated control beads after incubation with 50 nM of GFP. (B) Microscopy images of beads containing β-bodies **2** and **3** after incubation with 50 nM ROX-labeled IL-1β, GFP, and ROX-labeled IL-1α, respectively. (C) Interaction of a mixture of beads containing **1** or **2** with GFP and ROX-labeled IL-1β, respectively, where the arrows and bright-field images below show the position of the nonlabeled beads. All scale bars represent 500 μm.](oc-2018-006149_0004){#fig4}

For an evaluation of the specificity of binding, GFP was added to beads containing β-bodies designed toward IL-1β. To our delight, no binding was observed in these cases (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). We envisioned that an even better measure of specificity would be obtained by testing whether the β-bodies would bind to a protein with a structure and function similar to the target protein. Therefore, the binding of IL-1α to compounds **2** or **3** was assessed. IL-1α and IL-1β share the same β-trefoil structure, bind to the same receptor (IL-1R1), and have similar biological properties.^[@ref39]^ While ROX-labeled IL-1α was found to interact with β-body **3** to a very small degree, no interaction with β-body **2** could be observed (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). This selectivity is similar to that of antibody recognition and indicates that the β-bodies have potential to become prominent members in our toolbox for protein biochemistry, diagnostics, and therapeutics. Thus, β-bodies may be used for specific design of small selective binders, with affinity towards single proteins involved in complex signaling pathways and protein networks.

Next, the affinity of binding was studied in more detail. First, it was assessed whether GFP was able to interact with β-body **1** when present in a bacterial cell lysate. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, even in such a complex mixture of proteins and other biomolecules, binding was observed. The fluorescence was quantitatively transferred from the lysate to the beads modified with β-body **1**. Importantly, this result indicated that β-bodies might have the potential to be used in applications such as affinity chromatography and pull-down assays, facilitating the isolation of endogenous proteins free of any affinity tag. For an assessment of the potential of such an application, GFP was purified from a cell lysate using a packed column with PEGA resins containing covalently linked β-body **1**. Upon washing the column thoroughly with water, the protein was eluted with PBS. Aliquots before and after purification were analyzed by SDS-PAGE. Despite the fact that this resin is far from optimal for protein purification, a significant up-concentration of GFP was achieved with removal of the majority of other proteins in the cell lysate (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). Overall, this result indicates the good specificity of the β-body.

![(A) Microscopy image of beads containing β-body **1** after incubation with lysed *Escherichia coli* cells expressing GFP. The scale bar is 500 μm. (B) SDS-PAGE of the purification of GFP from a whole cell lysate. Lane 1, cell lysate containing expressed GFP; lane 2, GFP washed with water and eluted with PBS from PEGA beads containing GFP-binding β-body **1**. (C) Binding curve of the interaction between purified GFP and β-body **1**. (D) Binding curve of the interaction between purified IL-1β and β-body **3**. The plotted fluorescence intensities in parts C and D are averages of 3--6 measurements per protein concentration.](oc-2018-006149_0005){#fig5}

We investigated the binding of GFP to **1** in an on-bead binding assay, making use of an adapted version of the method we recently reported.^[@ref49]^ Equally sized PEGA beads with β-body **1** were distributed in triplicates at three beads per individual well in a 96-well microtiter plate, and incubated with solutions containing increasing amounts of GFP. Binding was allowed to reach the point of equilibration by overnight incubation at room temperature, permitting enough time for the protein molecules to diffuse to the interior of the PEGA beads. Then, the fluorescence intensities of the individual beads were quantified by fluorescence microscopy. The binding curve for the interaction of GFP with β-body **1** is depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C. Fitting of the data points provided a dissociation constant in the sub-micromolar range (*K*~d~ 184.5 ± 28.59 nM). Satisfyingly, IL-1β and β-body **3** showed high affinity to each other not only in water but also in phosphate buffer, providing a dissociation constant *K*~d~ of 610 ± 50 nM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D).

An important advantage of using designed peptides as antibody mimetics is the fact that they can be chemically synthesized, thus, facilitating the straightforward incorporation of non-canonical and [d]{.smallcaps}-amino acids. Not only may such non-canonical moieties facilitate an optimized fit with the target surface, but they can also be used to form a covalent bridge between the two β-strands, hence, stabilizing the β-body structure.^[@ref8],[@ref50],[@ref51]^ For a test of this concept, bridged β-bodies **8** and **9** were prepared using click chemistry (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). Relying on our long-standing experience^[@ref8],[@ref37]^ with the Cu(I)-catalyzed azide--alkyne cycloaddition (CuAAC) reaction,^[@ref52]−[@ref54]^ two Thr residues on opposite strands of the same β-body were substituted with propargyl glycine (Pra) and γ-azido-α-aminobutyric acid (Dab-N~3~), respectively.^[@ref8],[@ref51]^ Using CuBr as catalyst, triazole bridge formation was quantitatively induced. Intramolecular cyclization was confirmed to have taken place by treating the product with DTT followed by mass spectrometric analysis (see [Figures S20 and S21](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)). The lack of the expected loss of 26 Da due to reduction of azide to amine showed that no unreacted azide was left.^[@ref51]^ The bridged β-bodies **8** and **9** retained their ability to bind to GFP and IL-1β, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B.

The structural features of the β-bodies compound **2** and **9** recognizing IL-1β with high specificity were accessed by CD and NMR spectroscopy. The peptides were purified to yield single peaks in LC-MS ([Figures S5--S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)). For the acquisition of structural information from ^1^H NMR, solutions of 3.7 mM in H~2~O/D~2~O were prepared. It should be noted that this concentration was 37,000-fold higher than that used in the biomolecular interaction studies (100 nM). It was immediately apparent that at the NMR time scale and this elevated concentration both compounds **2** and **9** formed at least three distinct, but equilibrating complexes according to 1D- and 2D-^1^H NMR spectroscopy. Compound **2** formed a major complex or conformer and two minor conformers. According to an ^1^H NMR spectrum of **2** recorded at 10-fold dilution the major conformer transformed into another different single conformer. This change was supported by recording a dilution-series of CD spectra of compound **2** ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)), which clearly showed transition from an unconventional CD spectrum at high concentration toward the β-structure upon dilution. However, the recording of NOESY and DQF-COSY required the more concentrated sample, and the resulting spectra were used to assign the major conformer present at 3.7 mM ([Tables S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)). The transition toward β-structure upon 10-fold dilution was supported by a downfield shift of the amide protons corresponding to a minor conformer also present at the higher concentration (see expansions in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)). For assistance in the assignment, the NOESY spectrum was recorded with a mixing time of 600 ms resulting in some additional spin diffusion. Therefore the inter-residue NOESY cross-peaks that are listed in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf) can only be used in qualitative assessment of intramolecular proximities. Of most interest were several interstrand NOESY cross-peaks Y5-I18, Y5-W16, Tyr9-Ile14, and D3-I18. Together these NOE's provided a strong indication that β-hairpin was present in the mixture even at the high concentration used during recording of the NOESY spectrum. The complexity of the NH-H^α^ region due to the dynamic mixture of conformers did not allow unambiguous assignment of NH-H^α^ NOESY cross-peaks in this region. The cyclic compound **9** formed three structurally closely related complexes at high concentration and while significant change was observed upon dilution in both CD and NMR it did not converge to a single conformer ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)), indicating stronger self-association of the cyclic peptide. The two major conformers of **9** were very similar in structure, and protons could be assigned by overlay of COSY and DQF-NOESY spectra ([Figure S12 and Tables S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)). However, according to the CD study ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)) the trend in the transition of **9** upon dilution progressed toward a β-hairpin. By overlay of the two NOESY spectra of compounds **2** and **9** (not shown) these appeared to be very similar except for signals resulting from the two residues connected to the triazole in compound **9**. A curious observation was that while the solution of **2** became slightly turbid at the 3.7 mM concentration, the solution of **9** was clear at this concentration and did not immediately indicate any aggregation. In any event the study shows that the β-bodies are probably predominantly β-hairpins at the bioassay conditions (100 nM), and what remains is that both compounds **2** and **9** present highly specific interaction with exactly the protein for which they were designed.

![(A) Schematic representation of a triazole-bridged β-body and sequences of the β-bodies **8** and **9**. (B) Microscopy images of beads containing bridged β-body **8** or **9** after addition of GFP (50 nM) and ROX-labeled IL-1β (50 nM), respectively. The scale bars are 500 μm.](oc-2018-006149_0006){#fig6}

Another powerful feature of the presented approach is the fact that pairs of β-bodies can directly be designed to bind different sites of the same protein (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A). Such pairs of recognition molecules can be used in sandwich-type assays in which one of the β-bodies, while bound to a solid support, acts as a specific capture reagent, and the second β-body, after labeling with a fluorophore, acts as a specific detection reagent. For a demonstration of the feasibility of this powerful concept, ROX was conjugated to the N-terminus of β-body **5**, designed to recognize IL-2. ROX-**5** was added to a suspension of beads containing covalently attached β-body **4** with no observation of fluorescence on the beads. Satisfyingly, fluorescent beads were then observed exclusively after addition of 50 nM of IL-2 (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). The same experiment was performed using β-bodies designed to recognize IL-1β and IL-6. For IL-6, some unspecific interaction between capture peptide **6** and ROX-labeled detection peptide **7** was observed at the surface of the beads. This could be circumvented, though, by the addition of 0.05--0.1 M urea in the binding and washing buffer. Following this procedure, the fluorescence from beads in a solution without IL-6 was completely removed, while the beads to which IL-6 was added remained strongly fluorescent. With respect to IL-1β, the unspecific binding of ROX-labeled detection peptide **2** to capture peptide **3** could not be prevented without affecting at the same time the binding of IL-1β. Therefore, a third capture β-body was designed (**10**) which in combination with ROX-**2** enabled us to also detect IL-1β in nanomolar concentrations in a sandwich-type assay (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B).

![(A) Three-dimensional-ribbon representation of the modeled complex of IL-2 (blue) with β-body **4** in the back and ROX-labeled **5** in the front (both gray). (B) Microscopy images of PEGA~1900~ beads in sandwich assays for IL-1β, IL-2, and IL-6, in which one IL-specific β-body is attached to the bead and the other, labeled with fluorophore (ROX), added in solution. Top: Mixture of capture and detection β-body prior to the addition of protein. Bottom: After addition of protein. IL-1β: TWTDTATEPGYTMTATGTG-bead (**10**) and ROX-ETDTYTETYPGYTSTWTITDG (**2**), 50 nM protein. IL-2: NTVTNTMTRPGVTETVTQTDG-bead (**4**) and ROX-TRTLTYTEPGITQTKTEAG (**5**), 50 nM protein. IL-6: HTWTDTLTRPGYTVTHTLTLG-bead (**6**) and ROX-TMTDTDTYPGFTDTLTHAG (**7**), 20 nM protein. The arrows point at nonfluorescent beads. The scale bars are 500 μm.](oc-2018-006149_0007){#fig7}

Discussion {#sec3}
==========

Recognition by structured peptides is a research topic currently undergoing rapid development, and a range of proteins and polynucleotides in the size range 10--50 kDa have been described. The templates used are frequently derived from natural counterparts involved in specific recognition, such as antibodies or natural receptor ligands. Because of the complexity of the macromolecules and the fact that residues providing recognition and structure are not separate, the affinity is generally achieved through evolutionary processes involving screening and panning technologies. To be able to use computational design and chemical synthesis for the preparation of recognition molecules, we developed a β-hairpin scaffold in which we spatially separated the structural features from the residues involved in molecular interaction with the target macromolecule. This was successfully achieved by alternate incorporation of β-branched threonines in strands connected by the known turn-inducing structures −Pro--Gly-- or −Pro--Lys--. The use of threonines in promoting hairpin formation also served the purpose of providing a favorable hydration shell at the structural face of the hairpin to increase solubility, reduce nonspecific interaction, and promote formation of hairpin monomers.

Interestingly, the β-bodies were shown to have quite high selectivity for their target proteins, and even interleukin-1α and -1β, which share the same protein fold and display high sequence similarity, could be distinguished using two β-bodies targeted toward IL-1β. This selectivity was then manyfold potentiated in a sandwich assay by the application of two β-bodies designed for different sites on the same protein. Since the β-bodies are readily designed to be highly specific to a particular protein surface, they are ideally suited for affinity purification of valuable biologics. We demonstrate this in the tag free isolation of GFP from a cell lysate ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), but because of the general nature of the β-body technology this should be feasible for any protein with a known structure.

The properties of the designed β-bodies in terms of solubility, structural stability, self-aggregation, and compatibility with buffer ions, pH and salt depended to a large extent on the nature of the recognition site on the protein, which dictated the composition and combination of the recognition residues in the β-body. For future β-body design, a recognition site may be considered optimal when providing a balanced opportunity for charge--charge interactions, hydrogen bonds, aromatic stacking, and hydrophobic interactions, such that the different regions of the interacting surfaces contribute in a balanced manner to the adhesion, depending on the nature of the surrounding solution. High symmetry of β-bodies may occasionally facilitate self-interaction and aggregation. The β-body concept may be extended from the presently described β-hairpins to larger β-sheets for complex interactions with larger surfaces or even multiple proteins.

Peptide chemists have long searched for a platform, which allows for direct computational design of high-affinity molecules in a process which, with high probability, leads to specific molecular recognition. The properly structured peptide β-hairpin constitutes the smallest class of molecules with a stable protein-like fold. Importantly, the designed β-bodies, with a molecular weight of typically 2000--2600 Da, are synthetically tractable allowing incorporation of non-natural amino acids and initial designs to be further improved by combinatorial chemistry. To this end, we recently reported the high-yield flow synthesis of uniform microparticle-encoded macrobeads, which may allow expedient optimization of designed active β-bodies using a one-bead--one-compound (OBOC) technique with microparticle matrix decoding.^[@ref55]^

Depending on the register of alternate threonines with respect to the two turn residues, two types of β-bodies exist. In one, side-chains of recognition residues orient outward acting as landing pads for interaction with a somewhat planar surface on the target. In the other arrangement, they are oriented in toward the center of the β-body allowing tight interaction with canyon and clefts at the target site of interaction (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)). We have designed over 70 β-bodies, many of which have already presented good affinity to their target proteins. These β-bodies are currently under investigation for their ability to control protein--protein interaction, protein fibrillation, enzyme inhibition, and receptor activation. Since β-bodies can be designed and synthesized in the metabolically more stable D-amino acid forms, their possible future use in blocking viral entry or for induction of apoptosis in cancer cells is of particular interest.

Initial experiments in mice (see [Figure S27](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)) indicated that tested β-bodies were nonimmunogenic as measured by lack of interleukin response in a broad cytokine assay detecting loss of body mass, INF-γ, TNF-α, IL-1β, IL-2, CXCL-1, IL-5, IL-6, IL-10, IL-12, and IL-4.

The lack of interleukin response holds great promise for β-bodies as therapeutic molecules such as inhibitors of protein--protein interactions or as enzyme inhibitors. Sandwich assays using β-bodies are quite powerful in providing dual specificity of the already specific β-body toward the target protein. This can have important applications in diagnostics and significantly reduce the cost of disease detection. β-Bodies may also be useful for recognition of other types of biopolymers. We are confident that this technology will be of great value to the scientific community in the clinic and as a source of new approaches in medicinal chemistry.

Methods {#sec4}
=======

Materials {#sec4.1}
---------

PEGA~800~ and PEGA~1900~ resins were produced by free-radical polymerization as previously described.^[@ref55],[@ref56]^ The 9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole (MSNT), 4-hydroxymethyl benzamide (HMBA), *O*-(benzotriazol-1-yl)-*N*,*N*,*N*′,*N*′-tetramethyluronium tetrafluoroborate (TBTU), and 1-methylimidazole (MeIm) were purchased from Bachem AG, Chem-Impex International, Inc., or Honeywell Fluka. *N*-Ethylmorpholine (NEM), piperidine, trifluoroacetic acid (TFA), *N*,*N*-diisopropylethylamine (DIPEA), triisopropylsilane (TIPS), Tris base, phosphate-buffered saline (PBS), imidazole, LB, ampicillin, isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG), lysozyme (from chicken egg white), Coomassie Brilliant Blue R-250, and HIS-Select nickel affinity gel were purchased from Sigma-Aldrich. The 5(6)-ROX *N*-succinimidyl ester was purchased from Sigma-Aldrich and Chemodex. The gene fragment encoding human IL-1β was ordered from Eurofins. Recombinant human IL-2 (Gibco) was purchased from Thermo Scientific. The water used for all experiments was purified using an Ultra Clear water system (Siemens) set at 0.055 μS/cm. IL-2 and IL-6 were purchased from ProSpec, and reconstituted as instructed.

β-Body Evolution by MD Simulation {#sec4.2}
---------------------------------

The in silico design process was performed in the molecular dynamics program "Molecular Operating Environment" (MOE from Chemical Computing Group)^[@ref46],[@ref47]^ using the Amber14ETH force field. The target protein crystal structures with PDB IDs 4EUL, 2ERJ, and 4CNI were used as models of GFP, IL-2, and IL-6, respectively, while IL-1b was represented by the PDB-NMR structure with PDB ID 6I1B. The structure of the respective protein was loaded into MOE, soaked in water, and repaired by modeling of missing parts while maintaining the PDB structure. Where several high-resolution structures were available in PDB for the same protein, these were compared and, for missing regions, combined, to increase the fidelity in the generation of the MOE model. The protein structure model was equipped with a color-coded surface electrostatic field. Surface electrostatic fields were estimated using the short-range Gaussian-screened portion of the Ewald summation and filtered to remove minor unimportant patches as described in the MOE software. The map obtained described the excess positive or negative charge close to the molecular surface and by estimation the electrical field gradient between proximate surfaces. Then, a generic spatial structure of a two-stranded β-body with the outward sequence X*~l~*(TX)~*m*~PG(XT)~*n*~X*~l~* (or inward sequence T*~l~*(XT)~*m*~PG(TX)~*n*~T*~l~*) was generated (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)), in which X was initially alanine, with *n* and *m* = 4--7 (typically 5) and *l* = 0 or 1. The spatial structure of this generic T/A-rich β-body was equipped with weak H-bond restraints (weight 0.5) between the strands, solvated in a water droplet, and manually moved and rotated across the entire protein surface with intermediate short MD fittings to the local surface to identify sites for productive interaction in terms of overall shape fitting and presence of grooves, pits, and patches promising for interaction with amino acid side-chains. Once optimal sites and orientation for β-body interaction had been established, β-bodies were added to these locations and (again) solvated in a droplet of 8 layers of water (it was feasible to optimize several β-bodies simultaneously). Under consideration of spatial arrangements, putative electrostatic interaction, H-bonding, and hydrophobicity, alanine side-chains were then replaced with side-chains from other natural amino acids for an initial fit in the selected binding site. The protein residues in direct contact with the β-body were released while all other protein residues remained fixed as defined by the crystal structure.

Subsequently, a mutational fitting process was performed. This fitting process involved multiple rounds of molecular dynamic simulations with intermediate mutational replacement of the recognition residues taking into account all the additive effects of counterproductive steric interactions, favored amino acid side-chain orientations (the all-important χ-space^[@ref48]^), the hydrogen-bond network, hydrophobic interactions, and charge--charge interactions. Most importantly, shape complementarity and the interaction of electropositive with electronegative and hydrophobic with hydrophobic patches between the individual surfaces were both optimized at all stages of the calculations. When a mutational step seemed locally favorable during the MD calculation, but eventually presented a less favorable overall interaction, it was returned to the previous state, and an alternative mutation was introduced.

The optimization process was considered to be complete when the β-body would form a long-term stable complex allowing annealing from 450 K without any significant change in structure. Moreover, the optimized complex presented a maximum of uninterrupted overlap of the surfaces of the β-body and target protein, with a spatial complementarity that optimally excluded water molecules from the interface of interaction and optimal overlap of positive with negative and hydrophobic with hydrophobic surface patches.

Solid-Phase Peptide Synthesis {#sec4.3}
-----------------------------

Peptides were synthesized manually at room temperature on the basis of Fmoc solid-phase peptide synthesis. Washings were performed adiabatically with 3 × 3 resin volumes of DMF, and Fmoc groups were removed by repeated treatment with 20% (v/v) piperidine in DMF first for 5 min and then 15 min except for the second amino acid where the resin was treated for only 5 min and immediately coupled with the subsequent amino acid. The base-labile linker HMBA (3 equiv) was coupled to the PEGA resin using standard coupling conditions (TBTU, 2.88 equiv; and NEM, 4 equiv in DMF). Subsequently, Fmoc-Gly-OH (2 × 3 equiv) was esterified on to HMBA in a double MSNT coupling (MSNT, 3 equiv; and MeIm, 2.25 equiv in DCM). The subsequent Fmoc-protected amino acids were coupled using standard TBTU couplings. After the last coupling and Fmoc-cleavage the resin was washed with DMF and DCM. The side-chain protecting groups were removed using a mixture of TFA/DTT/water/TIPS (88/5/5/2). The peptides were cleaved from the resin with 5% TEA in water, and characterized by LC-MS and HPLC.

Peptide Analysis {#sec4.4}
----------------

LC-MS analysis of β-bodies was performed on a Dionex UltiMate 3000 (Thermo Scientific) instrument equipped with an Acclaim RSLC 120 C18 column (2.2 μm, 120 Å, 2.1 × 100 mm) coupled to a Bruker microTOF-QIII mass spectrometer. A linear gradient of CH~3~CN in H~2~O with 0.1% formic acid was used, running from 5% to 100% CH~3~CN, 0.5 mL/min over 10 min.

HPLC analysis was performed on an analytical Agilent 1100 HPLC using a 100 mm XBridge C18 column. A linear gradient of CH~3~CN in H~2~O with 0.1% TFA was used, running from 0% to 90% CH~3~CN, 1 mL/min over 10 min. Signal detection was performed by measuring absorbance at 254 nm.

Conformational Studies on Peptides **2** and **9** {#sec4.5}
--------------------------------------------------

The peptides were dissolved in D~2~O/H~2~O 1:9 at a concentration of 3.7 mM and 1D-, DQF-COSY, and NOESY were recorded on an 800 MHz Bruker instrument (DTU) NOESY with Watergate and excitation sculpting. Two-dimensional spectra were recorded with 1024 points in the F1 direction and with 4096 points and 4 scans/spectrum in the F2 dimension. The NOESY spectra were recorded with a mixing time of 600 ms. The spectra were processed using TOPSPIN. Spectra were carefully phase-corrected and aligned using the proton ortho to OH in tyrosine as an internal reference at 6.68 ppm. Assignment was problematic because of the presence of several closely similar conformational states but was feasible with appropriate overlay of NOESY and COSY spectra. Assignments are presented in [Tables S1 and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf) and intraresidue NOE's are presented in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf).

Labeling of Peptides with ROX-NHS {#sec4.6}
---------------------------------

Peptides **2**, **3**, **5**, **7**, and **9** were labeled with ROX-NHS as follows. Following removal of the Fmoc group of the final amino acid, a mixture of ROX-NHS (1.1 equiv), TBTU (1.1 equiv), and NEM (1 equiv) in DMF was added to the resin, which was left to react overnight. The resin was washed with DMF (3 × 3 volumes) and DCM (3 × 3 volumes), and side-chain deprotection and cleavage of the peptide from the resin were performed as described above.

Click Chemistry {#sec4.7}
---------------

A suspension of resin containing deprotected peptides **8** and **9** in 4.5 mL of DMF was degassed overnight by bubbling with N~2~. The 2,6-lutidine (10 equiv, 10 μL) and DIPEA (10 equiv, 105 μL) were added to the resin followed by the addition of 5 mL of a degassed solution of sodium ascorbate (20 equiv) in DMF. Subsequently, 1% (w/v) solution of CuBr in 1.5 mL of degassed acetonitrile was added. The reaction mixture was agitated under argon at room temperature for 8 h. Reagents were removed by washing with DMF and DCM.

Purification of Peptides {#sec4.8}
------------------------

Peptides **1**--**3** were purified by RP-HPLC on a Gilson 215 liquid handler using a 10 μm 19 × 150 mm XTerra Prep RP~18~ column. A 25 min gradient from 13.5% to 76.5% CH~3~CN in H~2~O with 0.1% TFA and a flow of 15 mL/min was used. Detection of signal was performed by a Gilson 170 diode array measuring the absorbance of UV-light at 210 and 254 nm.

CD Spectroscopy {#sec4.9}
---------------

Measurements in the far-UV region (190--260) were conducted using a 0.1 cm path length cuvette on a J-810 Jasco spectropolarimeter. All measurements were performed at 25 °C. A stock solution of peptide **2** was diluted to 80--100 μg/mL in 10 mM phosphate buffer, pH 7.4. The spectrum shown is an average of 5 scans, and the optical activity is reported as ellipticity per peptide bond.

Protein Expression and Purification {#sec4.10}
-----------------------------------

The gene fragment encoding human IL-1β was ordered codon-optimized for *E. coli* from Eurofins. The plasmid pET15-IL1B was created by digestion of the gene fragment with *Nco*I and *Bam*HI and ligation into the corresponding sites of plasmid pET15b. The use of plasmid pET15-GFP has been reported previously.^[@ref57]^ The plasmid pET20b-IL1A (lacking the pelB leader sequence) was kindly provided by Y. Chin (Department of Chemistry, National Tsing Hua University, Hsinchu, Taiwan).^[@ref58]^

GFP, IL-1β, and IL-1α were produced in BL21(DE3) *E. coli* cells transformed with pET expressions plasmids containing the respective genes fused to an N-terminal (GFP and IL-1β) or C-terminal (IL-1α) His-tag. Cells were cultured in LB medium (0.2--1 L) containing 100 μg/mL ampicillin at 37 °C until the midexponential phase, at which time expression was induced with 1 mM IPTG for 18 h at 20 °C. After harvesting, cells were resuspended in lysis buffer (50 mM Tris, 0.5 M NaCl, pH 8.0). Lysozyme (1 mg/mL) was added, and the lysate was left at room temperature for 20 min. Following sonication, any debris and unbroken cells were removed by centrifugation at 12000 *g* for 30 min at 4 °C. The supernatant was collected, and the protein was purified by Ni^2+^-NTA affinity chromatography on an ÄKTA pure system using 1 mL HisTrap HP columns (GE Healthcare). The 50 mM Tris, 0.5 M NaCl, pH 8.0, supplemented with 20 mM imidazole was used during washing of the column. Proteins were eluted with 250 mM imidazole in 50 mM Tris, 0.5 M NaCl, pH 8.0. Elution fractions containing GFP, IL-1β, and IL-1α were additionally purified by size-exclusion chromatography on an Äkta pure system using a superdex 75 Increase 10/300 GL column (GE Healthcare) and phosphate-buffered saline (PBS, 10 mM phosphate buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.4) as eluent.

Protein Characterization and Concentration Determination {#sec4.11}
--------------------------------------------------------

Protein purity was assessed by SDS-PAGE gel electrophoresis using any kD Mini-PROTEAN TGX precast protein gels (Biorad). Gels were stained in 0.1% (w/v) Coomassie Brilliant Blue solution \[10% (v/v) AcOH, 50% (v/v) MeOH in deionized water\] and destained in destaining solution \[10% (v/v) AcOH, 50% (v/v) MeOH in deionized water\].

The proteins were characterized by LC-MS. Deconvoluted mass spectra of proteins were generated using Compass DataAnalysis software with the Charge Deconvolution option (version 4.1, Bruker). Processing before deconvolution included smoothing using one cycle of the Savitzky Golay smoothing algorithm (0.05 Da) and spectrum baseline subtraction with the flatness parameter set at 0.8.

The concentration of GFP was determined by measuring absorbance intensity at 490 nm using an extinction coefficient of 55 000 M^--1^ cm^--1^. The concentrations of IL-1β and IL-1α were determined using the Pierce 660 nm protein assay reagent (Thermo Scientific). A NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) was used for protein concentration determination.

Labeling of IL-1β and IL-1α with ROX-NHS {#sec4.12}
----------------------------------------

A 100 μL portion of protein (1--2 mg/mL in PBS) was reacted with 3 (IL-1β) or 6 (IL-1α) equiv of 5(6)-carboxy-X-rhodamine *N*-succinimidyl ester (15 mM in DMSO). Samples were incubated for 1 h at room temperature while shaken at 1500 rpm on an Eppendorf thermomixer. Excess of dye was removed using fluorescent dye removal columns (Thermo Scientific) according to the manufacturer's instructions using Amicon Ultra 0.5 mL centrifugal filters (Millipore) with a 100 kDa cutoff instead of the supplied spin columns. The protein was eluted with PBS. The final concentration of the protein was determined using the Pierce 660 nm protein assay (Thermo Fisher Scientific). The degree of labeling was assessed by MALDI-TOF MS on a Bruker Autoflex speed MALDI-TOF instrument. As for IL-1β, approximately 50% monolabeled protein was obtained. IL-1α was labeled to a larger extent, such that in addition to monolabeled protein, also difunctionalized product was obtained (see [Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf)).

Protein Purification to Remove Excess ROX {#sec4.13}
-----------------------------------------

The gel filtration Sephadex G-25 (purchased from GE Health) was used for complete removal of nonreacted fluorescent dyes from IL-1β labeling reactions. The G-25 was swollen in phosphate-buffered saline (PBS, pH 7.4) for 20 min before loading samples on the column. Labeling reaction mixture (3 equiv of ROX-NHS ester) was gently applied (400 μL) to the column without disturbing the gel bed. Once loading of the sample was complete, the column was eluted at 0.5 mL/min and 22 °C. The eluted fractions containing protein were collected, and the final concentration of the protein was determined using Pierce 660 nm protein assay (Thermo Fisher).

Fluorescence Microscopy (General) {#sec4.14}
---------------------------------

Fluorescence microscopy images were acquired on an Olympus wide-field fluorescence IX73 inverted microscope equipped with a 4× objective (0.16 numerical aperture) and 10× objective (0.4 numerical aperture), and an X-Cite 120Q excitation light source. GFP fluorescence was detected using a filter cube with a 482/18 nm excitation filter and 520/28 nm emission filter. ROX fluorescence was detected using a filter cube with a 560/14 nm excitation filter and a 605/52 nm emission filter. Olympus CellSens Dimension software was used for quantification of the fluorescence signal.

On-Bead Binding Assay {#sec4.15}
---------------------

Binding constants were determined in a microplate bead-binding assay. PEGA resins carrying β-bodies against GFP or IL-1β were evenly distributed into 96-well plates using a bead sorter, by which three beads were disposed in each well. A concentration series of ROX-labeled IL-1β (in 5 mM phosphate buffer, starting from 10 μM and diluted two times continuously in each well) or GFP (in Milli-Q, starting from 20 μM and diluted two times continuously in each well) was added to the relevant beads in 200 μL total volume. Fluorescence intensity was measured for each well after overnight incubation. The exposure time for GFP was 1 ms, and for ROX-labeled IL-1β 2 ms. The experiments were performed in triplicate. Values were plotted and fitted to a one-site specific binding curve with nonlinear regression using GraphPad Prism.

Sandwich Assays {#sec4.16}
---------------

Human recombinant IL-2 (ProSpec), human recombinant IL-6 (ProSpec), and human recombinant IL-1β (Thermo Fisher) were reconstituted in deionized water as suggested by the manufacturer. Sandwich assays for IL-1β and IL-2 were conducted in the same way: Purified labeled detection β-body and beads containing the covalently linked capture β-body were incubated in deionized water in glass vials for 3 h. Then, IL-1β or IL-2 was added to their respective mixture of capture and detection peptides, and the capture and detection of the protein was followed by microscopy. The final concentration of the protein was 50 nM. For IL-6, the labeled detection β-body and beads containing the covalently linked capture β-body were incubated in a solution of 0.1 M urea.This work was supported by aLighthouse Grant in Evolutionary Chemical Biology by University of Copenhagen.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00614](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00614).Two- and three-dimensional models of β-body--protein interactions; positive and negative control experiments; structural features of compound **2** and **9** accessed by CD; 1D- and 2D-NMR spectroscopy; sequences and mass spectrometry data of β-bodies **1**--**10**; sequences SDS-PAGE and mass spectrometry data of GFP, IL-1β, and IL-1α; and immunogenicity measured as interleukin response of β-body **2** in Balb-C mice ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00614/suppl_file/oc8b00614_si_001.pdf))
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